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Endothelial transport properties are difficult to study in vivo since subendothelial tissues are always present and influence the exchange of water and solutes. It can also be difficult to define surface areas, potential gradients for transport, and the mechanical forces experienced by the cells, and it is impossible to use expensive or toxic reagents to modify signaling pathways or putative transport routes. Starting more than 25 yr ago (4, 24) , many researchers have attempted to solve these problems by studying transport across the endothelium cultured in vitro. A number of investigations have used such techniques to show that shear stress increases the transport of macromolecules, ions, and water across endothelial monolayers (6, 23, 38, 42) . However, these studies applied shear stress acutely, whereas shear occurs chronically in vivo (although its magnitude may vary with time). In the present study, we investigated whether the application of shear stress for longer periods than used in most previous studies has a different effect on transendothelial transport, and we examined the mechanisms involved.
METHODS
Isolation and culture of ECs. Descending thoracic aortas of Landrace Cross pigs, aged 4 -6 mo and weighing ϳ80 kg, were obtained immediately after slaughter (Fresh Tissue Supplies, East Sussex, UK) and stored for 24 h in HBSS containing penicillin (200 U/ml), streptomycin (200 g/ml), amphotericin (5 g/ml), and gentamycin (100 g/ml). Pig aortic ECs (PAECs) were isolated from them by collagenase digestion using the methods of Bogle et al. (3) . Briefly, vessels were trimmed of fat and connective tissue, and intercostal branches were ligated. The proximal end of the aortic segment was cannulated, and the vessel was flushed with PBS. The distal end of the vessel was then clamped, and the aorta was filled with 0.2 mg/ml type II collagenase (Sigma). After an incubation at 37°C for 10 min, the aorta was gently massaged to loosen ECs, and the collagenase solution was collected and centrifuged at 1,000 rpm for 10 min. Cells were resuspended in DMEM supplemented with FCS [10% (vol/vol)], newborn calf serum [10% (vol/vol)], L-glutamine (5 mM), and EC growth factor (5 g/ml, Sigma). Cells were plated into flasks (Nunc) coated with 1% gelatin. Medium was replaced every 2-3 days. When confluent, cells were passaged by a brief exposure to trypsin-EDTA (0.1:0.02%).
At the second passage, cells were seeded in stages onto Transwell filters (polyester, 0.4-m pores, 24-mm membrane diameter, Costar) that had been coated with fibronectin (50 g/ml) and inserted into six-well culture plates. Cells were seeded at a low density (10 4 cells/cm 2 ) and cultured for a further 7-9 days to allow endothelial junctions to become established (14) . Culture medium was changed every 2-3 days. One filter in each plate was kept free of cells and used to correct for the permeability of the filter itself. The permeability of the filter plus any extracellular matrix secreted by the ECs after they had been cultured for 9 days was determined by removing the cells with 1 mM EGTA in Ca 2ϩ /Mg 2ϩ -free PBS for 30 min. Determination of EC purity. EC purity was assessed from the internalization of acetyl-LDL. DiI-labeled acetyl-LDL (Molecular Probes) was diluted in DMEM supplemented with 10% serum to a final concentration of 10 g/ml, added to the upper compartment of the Transwell, and incubated at 37°C for 4 h. Wells were then washed with PBS for 10 min three times, and the DiI fluorescence was imaged with a confocal microscope (Leica SP5, with excitation and emission at 561 and 575-610 nm, respectively).
Contamination of endothelial monolayers with vascular smooth muscle cells was assessed by staining with anti-smooth muscle ␣-actin monoclonal antibodies (A5228, Sigma). Monolayers were fixed in paraformaldehyde (4%) for 15 min, permeabilized with Triton X-100 (0.1%) for 3 min, and blocked with 1% bovine plasma albumin (BPA) in PBS at room temperature for 30 min before being incubated for 2 h at room temperature with the antibody diluted 1:500 in PBS containing 1% BPA. Wells were washed with PBS three times for 10 min before an incubation for 1 h at room temperature with Cy3-labeled donkey anti-mouse antibody (Jackson) diluted 1:500 in PBS containing 1% BPA. Wells were washed extensively with PBS before being examined by confocal microscopy (excitation and emission at 514 and 577-615 nm, respectively).
Application of shear stress. Six-well plates containing the Transwell filters were placed on the platform of an orbital shaker (POS-300, Grant Instruments) housed in the incubator. The orbit of the platform was circular with a radius of 5 mm and a rotation rate set to 150 rpm; this movement induced a swirling motion of the medium over the cells. The monolayers had a shear stress applied to them in this way for 6 -8 days, starting 24 h after cells had been seeded (at which point they were 80 -100% confluent) and continuing to the end of the 7-to 9-day culture period [chronic shear stress (CSS)], or for 1 h at the end of the 7-to 9-day culture period [acute shear stress (ASS)]. Static controls, consisting of monolayers placed in the incubator for 7-9 days but not on the shaker platform, were included in each experiment.
Computation of shear stress. The movement of the medium was modelled by solving three-dimensional Navier-Stokes equations with commercial computational fluid dynamics (CFD) software (Fluent 6.2). A three-dimensional cylindrical rendering of the well plate was created in the preprocessor, GAMBIT, with dimensions and orbital parameters that mimicked the actual Transwell filters and experimental conditions: diameter, 24 mm; initial fluid height, 3.3 mm; orbital radius, 5 mm; and rotation rate, 150 rpm. A mesh with 307,320 hexahedral computational cells was applied to the volume. The modelling technique, convergence criteria, grid optimization, and time needed to reach steady state for the transient solution have been previously described (2) . Shear stress at the base of the cylinder was derived from the computed fluid motion.
Preparation of the fluorescent tracer. Sulforhodamine B acid chloride (Sigma) was dissolved in acetone and added to 20 times its own weight of fatty acid-free BSA (fraction V, Sigma) at 2% (wt/vol) in carbonate buffer (0.33 mol/l, pH 9) at 4°C (16) . The conjugate was purified of free dye on a gel filtration column (Sephadex G-25), frozen dropwise in liquid nitrogen, freeze dried, and stored at Ϫ20°C. Before use, the conjugate was reconstituted in buffer and purified of any remaining free dye by an incubation for 1 h with neutralized activated charcoal (0.35 g/g protein) on a rotating platform. Charcoal was removed by centrifugation (twice at 3,000 rpm for 30 min) followed by filtration through a 0.2-m filter.
The removal of free dye was assessed by ultrafiltration of the conjugate through a centrifugal filter with a 10-kDa molecular weight cutoff (Amicon, Ultra-4, Millipore) at 3,000 rpm for 30 min. The endotoxin content of the conjugate was determined using the limulus amebocyte lysate assay (E-TOXATE kit, Sigma).
Measurement of endothelial monolayer permeability. Permeability was measured 7-9 days after cells had been seeded, at which time the monolayers were fully confluent and free from overgrowth. The serum content of the culture medium was reduced from 20% to 10% 24 h before the measurement of permeability, and the solution in both the upper and lower compartments was replaced with serum-supplemented DMEM containing 1% BPA 1 h before measurement. For the measurement itself, the solution in the upper compartment of the Transwell was replaced with serum-supplemented DMEM containing 1% BPA and trace quantities (1 mg/ml) of rhodamine-labeled albumin. Samples were taken from the bottom compartment of the Transwell after 1 h, and tracer fluorescence in them was measured using a fluorimeter (model 6285, Jenway) with excitation and emission wavelengths of 570 and 600 nm, respectively. The concentration of rhodamine albumin in each sample was determined from a standard curve.
The permeability (P) of the monolayer may be defined as the rate of diffusion or transcytosis of solute (Js; in this case, rhodaminelabeled albumin) across the unit area of the membrane (S) per unit concentration difference across the membrane (⌬C) as follows:
J s was determined from the concentration of rhodamine albumin in the lower compartment (CLC; in g/ml), the volume of the lower compartment (VLC; in ml), and the time after the addition of the tracer to the upper compartment (t; in s) as follows:
Permeability was derived from Js using the area of the Transwell filter (A) and the initial concentration of rhodamine-labeled albumin in the upper compartment (C UC) as follows:
Transport rates were sufficiently low that it was unnecessary to correct for changes in ⌬C during the course of the experiment. Results were corrected for the permeability of the cell-free filter by subtracting the resistance of the filter from the resistance of the monolayers plus filters in the same plate. (Resistances were calculated as reciprocals of permeability.)
Assessment of rates of EC mitosis. PAECs were fixed in 4% paraformaldehyde for 15 min and permeabilized with 0.1% Triton X-100 for 3 min. Cells were washed in PBS for 10 min twice and then stained with Harris' hematoxylin solution for 30 s. Hematoxylin was removed, and cells were washed in PBS for 10 min twice. Cells were visualized en face by phase-contrast microscopy. Mitotic figures were identified in randomly selected fields of view according to the criteria of Lin et al. (31) .
Statistics. At least three independent cell isolations were conducted for each experiment. Data are expressed as means Ϯ SE. Statistical significance was assessed by Student's unpaired t-test with a criterion of P Ͻ 0.05.
RESULTS

Characterization of cells.
DiI-labeled acetyl-LDL was taken up by 99.8% of the cells on Transwells (n ϭ 3), indicating essentially pure EC monolayers. Staining with anti-smooth muscle actin demonstrated that the contamination of monolayers with vascular smooth muscle cells was Ͻ1 in every 10 4 ECs.
Characterization of shear stress. The CFD solution showed that a wave swirls around the Transwell as a result of the motion of the shaker platform. Fluid behavior was such that cells at all locations remain covered by medium throughout the entire orbit. Figure 1 shows a map of the shear stresses acting on the entire monolayer at one instant in time. The periodicity of the flow dictates that these steady-state contours remain the same as the map rotates synchronously with the orbiting motion of the well. The region of maximum shear stress, appearing as a small brown-orange area, coincides with the leading edge of the travelling wave. The drop in shear near the side wall of the well (outer annular blue region of the contour) arises from the no-slip boundary condition imposed in the solution.
Depending on location and time, cells experience shear stress magnitudes from 0.2 to 3.6 dyn/cm 2 . To illustrate the spatial and temporal variations, Fig. 1 shows oscillating resultant shear stress magnitudes at the bottom of the Transwell at radii of 2.3, 5.9, and 9.4 mm during one complete orbit. Near the center of the Transwell (at 2.3 mm), magnitudes fluctuate between 1.8 and 2.4 dyn/cm 2 . The amplitude of oscillation increases with increasing radius, reaching a peak in amplitude as well as magnitude near the periphery. Thus, at 5.9 mm, magnitudes fluctuate between 1.5 and 2.7 dyn/cm 2 , whereas at 9.4 mm they fluctuate between 0.9 and 3.6 dyn/cm 2 . The radial increase was reversed in the narrow band close to the side wall, where the response to the viscous layer on the side wall occured. The spatially and temporally averaged value of the entire contour is 1.82 dyn/cm 2 . Characterization of the tracer. Ultrafiltration of the tracer demonstrated that Ͼ99.9% of the dye was bound to albumin. The tracer was found to be essentially free of endotoxin (Ͻ0.015 EU/ml). Previous studies (17, 49) have shown that the tracer is stable in vitro with similar physical, chemical, and biological properties to the unlabeled protein.
Permeability of filters and the extracellular matrix. The permeability of Transwell filters without cells averaged 6.1 Ϯ 0.66 ϫ 10 Ϫ6 cm/s (n ϭ 3). The extracellular matrix secreted by the monolayers over a period of 9 days did not add significantly to this value; after removal of the cells with EGTA, permeability was 5.2 Ϯ 0.51 ϫ 10 Ϫ6 cm/s (n ϭ 3, P ϭ 0.35). Effects of ASS and CSS on endothelial permeability. The permeability of endothelial monolayers was increased by ASS and decreased by CSS compared with unsheared controls (Fig. 2) .
Role of nitric oxide. Inhibition of nitric oxide (NO) production by the addition of the nonmetabolized L-arginine analog N -nitro-L-arginine methyl ester (L-NAME; 500 M) for 24 h before the addition of rhodamine-labeled albumin to the upper compartment did not significantly influence the permeability of monolayers in static culture or of monolayers exposed acutely to shear stress but increased the permeability of chronically sheared monolayers by greater than twofold, more than reversing the effect of CSS (Fig. 3) .
Roles of phosphatidylinositol 3-OH kinase and soluble guanylyl cyclase. The involvement of phosphatidylinositol 3-OH kinase (PI3K) and soluble guanylyl cyclase (sGC) in the NOmediated effect of CSS were investigated by the addition of LY-294002 (10 M, Sigma), a PI3K inhibitor, or 1H-[1,2,4]oxadiazolo[4,3-a]quinoxalin-1-one (ODQ; 10 M, Sigma), an inhibitor of NO binding to the heme site of sGC, 24 h before the addition of rhodamine-labeled albumin. Both inhibitors at least doubled the permeability of chronically sheared monolayers but were without significant effect on the permeability of unsheared cells (Fig. 4) .
Roles of cyclooxygenase products. The addition of the nonspecific cyclooxygenase (COX) inhibitor indomethacin (10 M) for 24 h before the addition of rhodamine-labeled albumin did not have a significant effect on the permeability of monolayers cultured under static conditions or exposed acutely or chronically to shear stress (Fig. 5) .
Effects of CSS on PAEC proliferation. In chronically sheared ECs, the percentage of replicating cells was significantly reduced compared with static controls (Fig. 6) . Pretreament with L-NAME (500 M) for 24 h did not significantly affect the proliferation rate under either condition.
DISCUSSION
The main finding of the present study was that although acute (1 h) application of shear stress increases the permeability of endothelial monolayers to albumin, chronic (1 wk) application of shear has the opposite effect. Many previous studies have demonstrated acute effects of shear on ECs, but Fig. 4 . The phosphatidylinositol 3-OH-kinase inhibitor LY-294002 increased the permeability of endothelial monolayers exposed to CSS (P ϭ 0.003; A) but had no effect on the permeability of unsheared (static) controls (P ϭ 0.19; B) . Similarly, the soluble guanylyl cyclase inhibitor 1H- [1, 2, 4] oxadiazolo [4,3-a] quinoxalin-1-one (ODQ) increased the permeability of endothelial monolayers exposed to CSS (P ϭ 0.006; C) but had no effect on the permeability of unsheared (static) controls (P ϭ 0.45; D). As in Fig 2, CSS decreased permeability relative to static controls (P ϭ 0.009, one-tailed). n ϭ 12-19. **P Ͻ 0.01. Fig. 3 . Pretreatment with the endothelial nitric oxide (NO) synthase inhibitor N -nitro-L-arginine methyl ester (L-NAME; 500 M) for 24 h before the addition of the tracer did not significantly alter the permeability of monolayers exposed to ASS (P ϭ 0.08; A) or of the corresponding static controls (P ϭ 0.58; B). It significantly increased the permeability of monolayers exposed to CSS (P ϭ 0.002; C), reversing the influence of CSS, but again did not affect the corresponding static controls (P ϭ 0.15; D). As in Fig 2, ASS increased permeability and CSS decreased it relative to static controls (P ϭ 0.04 and 0.002, one-tailed). n ϭ 18 -25. ns, Not significant. **P Ͻ 0.01.
investigations of chronic effects have been rare, reflecting the technical difficulty of applying defined fluid flows to large numbers of cells over many days under sterile conditions. These difficulties can be overcome by placing standard culture dishes on an orbital shaker in a cell culture incubator (13, 25, 29, 37, 46) . This method gives high throughput, since culture plates may be stacked on top of one another, and cells can be cultured for at least as long as under static conditions. Although the shear stress applied to the cells can be defined, doing so is more complex than in the case of parallel-plate flow chambers. An analytical expression has been derived (21) that estimates a constant scalar value of shear for the entire surface of the Transwell; technically, it is valid only for an infinitely wide plate with no side wall effects. Another approach is to measure the movement of particles in the fluid by optical methods (13) . However, CFD methods are ideally suited to the problem since uncertainty concerning the geometry and other boundary conditions, which limits accuracy when applying such methods to in vivo flows, is negligible. (The variables are orbital radius, angular velocity, well diameter, and fluid depth; a separate solution is required for each combination of values.) The presence of a free surface adds complexity, but the problem is still solvable with commercial software (2) .
The orbital movement of the platform, and hence of the dish, induces a swirling motion of the fluid within each well that is independent of the location of the well on the platform. A wave is generated that rotates around the well; the period of rotation of the wave is the same at all radial locations. The speed of the wave is therefore greater at the periphery of the well than at its center, but the height of the wave is also greater, which cancels some of the radial increase in shear stress on the bottom of the well that would otherwise occur. Postprocessing of the CFD solution shows that the time-averaged shear stress is relatively constant across the Transwell, but the difference between minimum and maximum shear is higher in a band near the perimeter. (There is also a viscous effect at the wall of the well, as also occurs in parallel-plate flow chambers, but the number of cells affected by this is negligible.) For the present study, this disadvantage as well as the restrictions the system imposes on the number of possible flow profiles are outweighed by the benefits of high throughput and prolonged exposure.
Cells were exposed to a time-averaged shear stress of ϳ2 dyne/cm 2 . Recent experimental (20) and theoretical (51) studies and a literature review (8) have shown that aortic wall shear stress is not always at the commonly assumed value of 10 -15 dyn/cm 2 but strongly depends on body size. We are not aware of any measurements of shear stress in the pig, but values for the abdominal aorta of human subjects similar in weight to the pigs used here are in the range of 1-5 dyn/cm 2 (7, 44) . The frequency of the oscillation in shear was faster than the pig heart rate, 2.5 vs. 1.0 -1.5 Hz (22), but in the aorta and other Fig. 6 . Rates of mitosis were significantly lower in wells exposed to CSS than in static controls (P ϭ 0.0008, n ϭ 9). Inhibition of NO synthesis by 24-h pretreatment with L-NAME had no effect in either group (P ϭ 0.11 and 0.66). n ϭ 9. ***P Ͻ 0.005. .19; B) . Similarly, it did not alter the permeability of monolayers exposed to CSS (P ϭ 0.48; C) or the corresponding unsheared (static) controls (P ϭ 0.46; D). As in Fig 2, ASS increased permeability and CSS decreased it, relative to static controls (P ϭ 0.03 and 0.0001, one-tailed). n ϭ 11-20. large arteries there are two periods of forward flow during each cardiac cycle (35) . Therefore, the flow conditions imposed in vitro are broadly similar to those experienced by PAECs in vivo, although the details of the flow waveform are of course not entirely accurate.
Shear stress can rapidly induce the production of NO by causing the phosphorylation of endothelial NO synthase (eNOS or NOS III) through a PI3K-dependent pathway (14) . In the longer term, shear also upregulates eNOS expression (39) . Autocrine effects of NO can be mediated by its activation of sGC and consequent increase in endothelial cGMP (41) . Similarly, shear induces the production of prostaglandins such as PGI 2 by COX (18) and, in the longer term, upregulates COX-1 and COX-2 expression (45, 36) . Both NO and prostaglandins alter endothelial permeability in vivo (27, 33) . In the present study, the permeability-enhancing effects of ASS were not altered by inhibiting either eNOS or COX. [ASS also increases convective transport of water across cultured endothelium, and this effect is blocked by inhibiting eNOS (6); presumably, different transport pathways are involved.] The permeabilityreducing effects of chronic exposure to shear were abrogated by inhibition of eNOS but not by inhibition of COX. They were similarly affected by inhibition of PI3K and by preventing NO binding to sGC. No effects of such inhibition were seen in static culture. The absence of an effect of L-NAME in static or ASS experiments suggests that either NO production was too low to influence permeability or, in the ASS case, that the increase in NO was of too short a duration or was overridden by other signaling pathways. We were not able to determine NO concentrations in our cultures, but it has previously been shown that PAECs cultured by similar methods to those we used produce ϳ0.6 pmol·cm Ϫ2 ·min Ϫ1 in static culture and that this is increased severalfold by shear stress (1). There is conflicting evidence regarding the role of cGMP in modulating vascular permeability, but it appears to maintain the barrier function of the endothelium from large vessels (15, 43) . It may do so directly, via activation of PKG, or indirectly, by inhibiting phosphodiesterases and consequently increasing intracellular cAMP (15) .
In vivo, mitosis leads to foci of locally enhanced permeability that account for a significant proportion of total macromolecule entry into the arterial wall (10, 11, 30) . In the present study, mitosis rates were 0.57 Ϯ 0.07% in static culture, which is an order of magnitude higher than the 0.034% reported in vivo (30) . This elevation may help explain the higher permeability observed in vitro, which occurs despite the absence of the pressure-driven convection that contributes to albumin transport in vivo. Mitosis rates were decreased by chronic application of shear stress to 0.27 Ϯ 0.06%. A similar effect of laminar shear stress has previously been reported (19, 28, 32, 48) . [Turbulent flow or very high shears increase proliferation (12, 34) but such flows are not relevant to the present study.] The percent reduction in mitosis we obtained was close to the percent reduction in permeability (53% and 34%, respectively). However, inhibition of eNOS did not reverse the antiproliferative effect of chronic shear. The effects of NO on endothelial proliferation have been controversial (19); Gooch et al. (19) similarly found that the antiproliferative effect of shear on the aortic endothelium was not reversed by inhibition of eNOS. Our result makes it unlikely that the effects of chronic shear on permeability are mediated by its effects on mitosis. There are many other possibilities, including effects of shear on vesicular transport, apoptosis, and expression of tight and junctional proteins, that remain to be investigated.
Finally, we speculate on the relevance of the results to atherogenesis. Excessive entry of macromolecules, particularly LDL, into the arterial wall is a plausible initiating event in the disease (50) . The disease has also been associated with low time-averaged wall shear stress and with flow reversal during the cardiac cycle (5, 26) . A link between these two is provided by the present observation that chronic exposure to unidirectional shear stress of a physiologically normal magnitude lowers endothelial permeability. [Acute application of shear, which increased permeability, may simulate proatherogenic shear stress patterns, to which ECs might never adapt (47) ]. The role of NO in mediating the effects of chronic shear on permeability may help explain the atheroprotective effect of this molecule.
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